Abstract: Adaptive reuse of buildings is considered a superior alternative for new construction in terms of sustainability and a disruptive practice in the current capital project delivery model for the renewal of today's built environment. In comparison to green-field construction projects, adaptive reuse projects require distinct stages, definition of interfaces, decision gates, and planning methods in order to secure the success of the building project. Unfortunately, little research has been done regarding establishing feasible systems for the planning, assessment, and management of adaptive reuse projects, leading to underperforming building projects outcomes. Interface management (IM) can improve renovation projects outcomes by defining appropriate ways to identify, record, monitor, and track project interfaces. IM has the potential of bringing cost and time benefits during adaptive reuse projects execution. The aim of this study is to develop a reference framework for implementing IM for adaptive reuse projects. First, the inefficiencies of redevelopment projects are explained inside of a circular economy (CE) context. Second, an ontology of IM for adaptive reuse projects is defined based on the current barriers to adaptive reuse and the most common interface problems in construction projects. Third, the defined ontology is expanded through a case study by showing examples of adaptive reuse barriers on a case project, and how IM could have been part of the solution for these problems. Finally, this study concludes with the suggestions on interface management systems (IMS) implementation for future adaptive reuse projects.
Introduction
Due to environmental concerns, the global trend of the last three decades that proposes a shift from a resource-based economy towards a circular economy (CE) has begun to be accepted in the construction industry as not only socially and environmentally imperative, but as economically attractive due to emerging shortages of raw resources, such as water and crushed aggregates [1] [2] [3] . Adaptive reuse of buildings plays a key role in this transformation. It takes existing buildings that are obsolete, restores them, and in some cases, changes their use [4] . Adaptive reuse is considered superior to new construction in terms of sustainability and CE [5] . Among the schools of thought on sustainability and CE for the current built environment, shared founding principles lie in the better management of resources, optimizing resource use with a life-cycle perspective, and material and energy waste minimization [1, 2] . However, the current implementation of adaptive reuse relies on conventional intuitive planning procedures by professionals, leading to suboptimal results [3, 6] . Therefore, there is a need to define better ways to identify, record, monitor, and track the project interfaces required for adaptive reuse of buildings. The conceptualization and execution phases of adaptive reuse projects involve the integration of emergent complex processes, such as supply chain management and logistics,
Background

Adaptive Reuse of Buildings in a Circular Economy
Due to growing concern for the environment in many countries, designing for sustainability and a CE are becoming a requirement rather than just a desirable characteristic for products and services in the construction industry [1, 8, 9] . The main reasons for this global trend are that an enormous proportion of the materials extracted in human history are in today's built environment, and this materials stock is going to keep increasing considerably in the coming decades [10, 11] . Besides, the price of raw materials extraction is increasing as are the negative environmental impacts due to natural constraints of dilute and distant stocks of ores and resources [8] , as well as the excessive waste generation from the construction industry on a global scale [10, 12] . To remedy this situation, the construction industry is implementing designs and systems with improved long-term life-cycle performance. The main objective of these designs and systems is to consider the circular design principles of repair, maintain, reuse/redistribute, and recycle/refurbish/remanufacture in order to minimize (or close) material and energy loops [13] . A closed-loop material cycle in construction can be defined as recovering construction materials and building elements from old buildings and reusing them through natural or industrial processes [14] . Several studies have recognized, in the end of life (EoL) stage of buildings, the opportunity of minimizing (or closing) material and energy loops through product recovery management (PRM) [8, [14] [15] [16] [17] . PRM has the purpose of recovering as much of the economic and the ecological value of a product and its components as possible [16] . Also, several studies have demonstrated that the applications of green design methods, such as design for disassembly, design for deconstruction, disassembly planning, and life cycle assessment (LCA), in the building industry represent a way to fully exploit the life cycle expectancy of buildings and building materials and components [17] [18] [19] [20] [21] [22] [23] .
Adaptive reuse of buildings is considered by most practitioners as a superior alternative to new construction in terms of sustainability and CE [5, 24, 25] . The correct implementation of adaptive reuse has the potential of improving the financial, environmental, and social performance of existing buildings. It takes existing buildings that are obsolete, restores them, and in some cases, changes their use [4, 26] . Adaptive reuse is a complex process where green design methods can be implemented in order to improve the project outcomes.
The potential benefits of adaptive reuse rely on the fact that it is possible to take away components from an obsolete building and then repair, reuse, remanufacture, or recycle them. In this matter, some of the most important green design methods include design for disassembly, design for maintainability and serviceability, design for reuse, design for remanufacturing, and design for recyclability [27] . For existing assets, complete designing for disassembly is not possible, and the process is reduced to planning for disassembly. Planning for disassembly plays an important role in the redevelopment design process where the selective deconstruction planning, as well as the deconstruction methods to recover components, have to be performed in an efficient way. The objectives are to reduce building costs of deconstruction activities and to increase the number of building component life cycles. If the disassembly planning is too complex or time-consuming, the associated economic and environmental costs could be higher than new construction. This field has been studied in the manufacturing industry since the last decade, concluding that disassembly planning can reduce the time and cost associated with disassembling products [27] .
The processes associated with the project management of renovation projects are diverse and dynamic. The difficulty lies in all the different aspects that have to be taken into account, such as the physical integrity of the building, economic issues, functionality, technological retrofits, social impact, and legal and political issues [10, 28] . These aspects could vary considerably from building to building. The transition from the current linear economic model towards a circular one, implies a radical rearrangement of: (1) The value chain of the built environment [29] [30] [31] [32] , (2) the ownership models for buildings [1] , (3) the business models for profitability in the construction industry [9, 33] , (4) the engagement of stakeholders in all the levels of society, e.g., government, suppliers, builders, and owners [2] , and (5) the technical protocols and the methodologies for sustainable construction [3] . For these reasons, little research has been done regarding establishing feasible systems for the planning, assessment [3, 34] , and management [35, 36] of adaptive reuse projects. Some authors stress that intuition and experience are the only guides in making decisions about adaptive reuse [37] . However, there is enough evidence to suggest that the inefficiencies in the process of adaptive reuse will be addressed in the coming years in order to move towards a more sustainable development in the construction industry.
The Concept of Interface Management
There are several definitions and classifications for "interfaces" in the literature. According to the Construction Industry Institute (CII)'s interface management guideline, "interface" is defined as "a soft and/or hard contact point between two interdependent interface stakeholders", and "interface management" is defined as "the management of communications, relationships, and deliverables among two or more interface stakeholders" [38] .
When a project is divided into several subprojects undertaken by different organizations, many interfaces occur between these organizations [39] [40] [41] . There are several different interface classifications in the literature. In this paper, interfaces in the adaptive reuse projects will be studied under three main categories: Physical, organizational, and contractual interfaces. Physical interfaces are the physical connections between two or more elements or components in a project, such as two connected pipes built by two different stakeholders. Foundations and columns, columns and walls, walls and beams, as well as beams and slabs also create physical interfaces. This type of interface is generally clearly and visually apparent in a project. Contractual interfaces can be defined as connections between interface stakeholders through contractual agreement. This type of interface can also be related with a physical interface. For example, work packages in the construction supply chain management system would create contractual interfaces between stakeholders, and those interfaces can be physical interfaces as well. Work packages are one of the efficient ways to complete the projects. However, clear scope definition and contract agreement should be set prior to execution. Interface management plays critical roles to establishing a seamless project plan. Organizational interfaces are the interactions between several interface stakeholders who are involved in the project. These interfaces include all the relationships and connections between any individual and any parties involved in the project throughout the project life cycle [41, 42] . Other classifications for interfaces including soft and hard interfaces, time interface, geographical interface, and technical interface can be also found in the literature [39] .
A typical interface management system (IMS) would consist of four main components: Interface stakeholders, interface points (IPs), interface agreements (IAs), and interface agreement deliverables (IADs). Practically speaking, interface agreements are the documents that record communications and agreements between two interface stakeholders over interface points, and interface agreement deliverables are a combination of the documents that are required to fulfill related interface agreements such as documents that show the tasks and activities completed, schedules and timelines, drawings, quotations, and estimations. Generally, an IMS may include dozens if not hundreds of IPs, each IP may include multiple IAs, and each IA may include various types of IADs. Therefore, there could be numerous IADs in a system [41, 43] . A simplified IMS hierarchy can be seen on Figure 1 . Recording and managing interface points (IPs), interface agreements (IAs), and interface agreement deliverables (IADs) make up the core structure of an interface management system (IMS). The fundamental data of an IP that should be recorded include reference number, title, description, category, involved stakeholders and their responsibilities, creation and approval dates, and the status of the IP. As it is illustrated in Figure 1 , there can be several IAs related with an IP. Therefore, it is also recommended to register and track IAs by recording description of IAD, creation date of IA, need date, forecasted date, delivery date, and closing date [38, 43] . These are the examples of metadata required.
An increasing number of studies on the definitions of IMS, interface problems in different types of construction projects, and web-based IMS platforms, can be found in the literature. The concept of IM was first introduced as a subset of system engineering in 1960s and the first applications of IM can be seen in the aerospace industry [38] . One of the early works on defining the need for IMS in construction projects, particularly for the cladding interfaces while building a façade, was done by Pavitt and Gibb (2003) . After defining the need, they also provided a software system that helps project stakeholders to manage interfaces in their projects [42] . In 2006, Chua and Godinot introduced the concept of the work breakdown structure (WBS) matrix to improve IMS in construction projects [39] . In 2008, Chen et al. investigated the causes of the interface problems that occur at offshore, commercial, and residential construction projects, with a multi-perspective approach [44] . Another IMS platform was developed by Lin (2013) to connect project participants over a web-based system and manage interface problems during the construction phase [45] . In 2014, CII introduced the IM implementation guide where definitions of IMS elements, and effective IM practices that can be applied broadly on different type of construction projects, are explained [38] . In 2015, two different web-based IMS are introduced. Ju and Ding (2015) proposed an integrated interface model to improve IMS. In this model they changed traditional IMS to a more standardized and structured web based IM format [46] . Lin (2015) proposed a web based IMS that integrates the three dimensional interface maps to a Building Information Modeling (BIM) approach to improve physical interface information sharing and tracking during the construction phase of building projects [47] . Eray et al. (2017) also introduced a framework on integrating IM and BIM systems by connecting related IPs and IAs to related BIM elements on 3-D models [48] .
IMS is applicable within a wide range of projects and different sectors, however the benefits of IMS are more visible when the complexity of a project is high. Complex construction projects, where the project is divided into several work packages undertaken by various stakeholders and project teams, have higher dollar values and more technical and organizational complexity that would benefit more from the capabilities of IMS [43] . Adaptive reuse projects are a good example for complex construction projects, since these projects mostly include large numbers of project stakeholders working in close contact, overlapping construction activities, and uncertainties and risk in all phases of the project. Adopting IMS in adaptive reuse projects would create effective coordination and communications among project stakeholders and also would create real-time tracking on interface deliverables.
In recent years, the usage of IMS in construction industry has increased. Even though IMS was introduced in the 1960s, it was not widely used in construction projects, due to the lack of necessary technological infrastructure. Also, not having a common understanding of IM and its components was another reason for not adopting IMS extensively in the construction industry. Today, more engineering and construction projects have adopted IM because of technological improvements on communication and information systems, and common definitions of IMS and its elements [41, 43, [48] [49] [50] [51] .
Research Methodology
This paper is being carried out by the following five steps illustrated on Figure 2 . First, an extensive literature review on adaptive reuse projects is conducted and a list of barriers in these projects are defined. Second, an extensive literature review on interface problems in construction projects is conducted. Third, interface problems that are found in the literature are compared and paired with defined barriers in adaptive reuse projects. Fourth, these paired adaptive reuse barriers and interface problems are explained on a case study. Last, how these problems can be solved and how interface management system usage can present a solution for improving the performance of adaptive reuse projects is discussed. 
Barriers in Adaptive Reuse Projects
Although adaptive reuse has many economic, social, and environmental benefits, projects face many challenges and barriers during the project life cycle, especially when the project involves heritage buildings. Hein and Houck (2008) conducted research regarding construction challenges in adaptive reuse of historical buildings in Europe, where adaptive reuse is widely practiced to preserve these historical buildings [52] . The main construction challenges explained with examples from four significant European adaptive reuse projects are: Compliance with building codes and preserving laws; temporary structural support of preserved components; expectations of modern tenants, such as new electrical, plumbing, HVAC systems etc.; toxin removal; modification on the structural integrity of the building, such as modification of the structural skeleton, foundation system, or roof system; and site access problems [52] .
In 2016, Conejos et al. identified fourteen barriers that occur in building type adaptive reuse projects. These barriers include building codes and regulations, legal constraints, physical restrictions, high remediation costs and construction delays, complexity and technical difficulties, inaccuracy of information and drawings, maintenance, availability of materials and lack of skilled tradesmen, limited response to sustainability agenda, inertia of production and development criteria, classification change, economic considerations, social considerations, commercial risk and uncertainty, and financial and technical perceptions [53] . In this paper, these barriers defined by Conejos et al. will be used as base points for defining adaptive reuse project problems. In addition to these barriers, "Management problems" is added to this list as the fifteenth barrier.
More than half of the barriers defined by Conejos et al. (2016) are due to physical interfaces between project participants, such as compliance with building codes, physical constraints, complexity, and technical difficulties [53] . These barriers are also a subject of interface problems in any construction projects and can be managed by creating IPs and IAs between project participants in the early phases of the projects, such as the conceptual design and detailed design phases. In the case study presented in this paper, the concept and how IM system can be a solution to some of these problems are explained.
Common Interface Problems in Construction Projects
In the literature, interface problems in construction projects are studied mainly under varying constraints, such as limiting the study to only two parties involved in a project, or limiting the project type to a specific construction category, to a specific phase in the project life cycle, to a country or region, or to a specific interface type. In order to define the connections between common interface problems and adaptive reuse barriers, different types of articles addressing interface problems in construction projects were studied.
Interface problems between two main parties in construction projects, such as interface problems between owners and contractors, designers and contractors, contractors and subcontractors, owners and maintenance contractors, and owners and designers, have been studied [54] [55] [56] [57] [58] [59] [60] . These studies were generalized by Al-Hammad in 2000 [61] . In the aforementioned research, which will be called Paper-1 from this point on, nineteen common interface problems among various construction parties were defined and classified into four general categories: Financial, contract and specifications, environmental, and other common interface problems.
Interface problems that could exist during either the design phase, construction phase, or during both (i.e., design-construction interface) can be found in the past literature [62] [63] [64] [65] . Many items on the list that contain design-construction interface problems are extracted from different papers. For example, Sha'ar et al. (2016) , in a study which will be called Paper-2 from this point on, defined 60 design-construction interface problems and categorized them into five groups: Owner-related, consultant-related, contractor-related, project-related, and external causes, in order to identify the causes of these problems in large building construction projects in Palestine [63] . After defining design-construction interface problems, Sha'ar et al. (2016) conducted a survey among construction professionals in Palestine and analyzed responses from 30 consultants and 34 contractors. According to the survey results, the consultant related causes were ranked as the most significant category while the top three significant problems were found as: (1) Unstable client requirements; (2) lack of proper coordination between various disciplines of the design team; (3) awarding the contract to the lowest price regardless of the quality of service. Another similar study on design-construction interface problems was published by Al Mousli and El-Sayegeh in 2016. Al Mousli and El-Sayegeh (2016), in a study which will be called Paper-3 from this point on, investigated design-construction interface problems that occur in United Arab Emirates (UAE) construction industry, which is unique due to the trend of mega construction projects in the region. Al Mousli and El-Sayegeh (2016) defined a list of 22 design-construction interface problems and conducted a survey among construction professionals in the UAE. Survey results showed that the main design-construction interface problems were related with the lack of coordination and management throughout the project life cycle [64] .
In order to find connections between adaptive reuse barriers and interface problems in the construction industry, the list explained in Section 4 of this paper was compared with the interface problems provided in Paper-1, Paper-2, and Paper-3, respectively. Comparisons were made on the basis of ideas rather than words, which means that "Inaccuracy of information and drawings" and "Mistakes and discrepancies in design documents" were accepted as being the same even though they are explained in different words. The result of these comparisons is presented in Table 1 .
Many of the defined barriers in Table 1 are related with interface points between project participants. For example, any barrier related with physical restrictions in the project would be related with physical interface points between project participants. For the purpose of this research paper, these defined barriers were also categorized into four interface groups, namely physical interface (P), organizational interface (O), contractual interface (C), and out of scope (S) group. The categories of the listed barriers are shown in the second column of Table 1 . 
Case Study
The case adaptive reuse project subjected to this research is a mid-20th century building built with a modern architectural style. The building is located in the Region of Waterloo, Ontario, Canada. In the past, this region was a predominantly manufacturing industrial cluster. Nowadays, the economy of the region has diversified and includes new high-value economic clusters. It is known for its high concentration of tech companies. Thus, it has often been referred to as "Canada's Silicon Valley". Due to this economic transformation, in the whole region, several factories have been through adaptive reuse into new buildings with new purposes, such as office and lab buildings, upscale lofts, and residences. The project is a four-story structure with a basement and has a shape similar to a boomerang with a footprint area of 1233 m 2 and 5341 m 2 gross floor area. The primary structural system of the building is a steel frame. The original building was built in 1964 and was redeveloped using adaptive reuse from 2014 to 2015. According to the heritage report of the case project, the building was classified as non-designated property of cultural heritage value. All of the building's subsystems had modifications which were primarily due to the increment of loads, the complete rearrangement of the floor layouts, and the expansion of the gross floor area by 487 m 2 . One of the changes included the infilling of two large double-height rooms. The redeveloped project has been rated as a Leadership in Energy and Environmental Design (LEED) Gold Building. The adaptive reuse process of the case project is illustrated in Figure 3 . The aim of this case study is to present interface point examples for selected adaptive reuse barriers and interface problems documented during the realization of the case project. In order to define the IPs in the project, project stakeholders were first investigated. According to the project documents, there were 17 stakeholders in this project and each of them were responsible for different parts of the project. Project stakeholders are presented in Table 2 with their codes. It is important to highlight the main limitations of the presented study. It was not possible to develop the case study with more specific data and statistical analysis (time, money, and material savings) due to the lack of information and documentation provided by the architectural firm. Therefore, the conclusions are rational conjectures based on the professional judgement of the authors emerging from the analysis of the available documentation. Future investigations are required to collect statistical data and to develop a more extensive case study. After determining the project stakeholders and their responsibilities, interface points between these stakeholders were investigated. The documentation of the case study showed many critical IPs between the parties, including the assurance of the accuracy of the technical information, drawings, and specifications for the adaptive reuse of the building. The main IPs detected were between the consultants and the designer during the planning stage, as well as between the contractors and the consultants during the execution of the project.
Physical Interfaces
As it is presented in Table 1 , four of the physical interface-related adaptive reuse barriers, "Building codes and regulations, and legal constraints", "Complexity and technical difficulties", "Inaccuracy of information and drawings", and "Management problems", are commonly mentioned as interface problems in the articles studied. When the documents of the case project were investigated, it was found that there was continuous feedback between the consultants and the architectural firm, as well as continuous corrections of the structural, civil, mechanical, and electrical final designs through addendums to the original project. The contract specified reiteratively that the subcontractors should verify all dimensions and existing conditions on site and should report all discrepancies to the consultant before proceeding with the work. Also, the contract emphasized that the drawings (civil, landscape, structural, mechanical, electrical drawings, and geotechnical and acoustical reports) should be read in conjunction with one another. All of these documents are examples of "inaccuracy of information and drawing" related interface problems.
Additionally, the fulfillment of the legal constraints related to the adaptive reuse of a building is a point of high interaction between different project parties. In these points of interaction, the responsibilities of the consultants are to ensure a final design according to the current normativity and to report any change in the pertinent timing. Because the consultants have to be aware of the existing conditions of the building asset, they have to develop an accurate and detailed inspection of the site and then develop accurate reports, drawings, and building specifications for the other parties. It is worth highlighting that for the projects that involve the restoration of a building asset, it is recommended to create these physical interface points during the planning stage. For new constructions, it is not necessary because there is no existing asset to inspect. Table 3 shows seven IP examples that can be created between the consultants and the architectural firm, as well as the normativity established for the case study under analysis. Additionally, for the construction phase, the interface points presented in the table would be the same, but the communication of them should be between the contractors as interfacing party and the architectural firm as the lead party. Ideally, these interface points should be created and managed from the beginning in order to secure the final accuracy, quality, and veracity of the technical information, drawings, and specifications. 
Contractual and Organizational Interfaces
In construction projects, contractual and organizational interface points also exist along with physical interface points. The main barrier in the adaptive reuse case project was related with management problems, which are classified as physical, contractual, and organizational interfaces in Table 1 . The case project ended up with cost and time overruns since it had a complex structure of project stakeholders where roles and responsibilities were unclear. According to project documentation, the general contractor was responsible for coordination of all the subcontractors, and also responsible for setting and chairing coordination meetings among owner, consultant, contractor, subcontractors, and key material suppliers, which creates organizational interfaces between parties. While the general contractor's main role is to establish contracts, its strength is to arrange and manage subcontractors. Most of the barriers and interface problems occurred due to the lack of communication between subcontractors and the general contractor. Lack of interorganizational structures and improper approval line created confusion between stakeholders and rework.
Project documentations also show that the architectural firm was responsible for both the design and management of the project which include managing different types of consultants and contractors. For example, in a contract between an architectural firm and one of the contractors, it was written that "The Consultant's review of shop drawings does not relieve the Contractor of their responsibility to review all information pertaining to: 1. detail design; 2. dimensions; 3. information pertaining to fabrication processes; 4. techniques of construction and installation; 5. coordination of the work of Subcontractors." While this statement allocates responsibilities to the contractor, it also creates contractual interface points which are also subject to physical interface points.
Conclusions
In this paper, a reference framework for implementing Interface Management System (IMS) for an adaptive reuse project is presented. In order to achieve this aim, first, the concept of adaptive reuse of buildings in the circular economy context and the concept of IM was explained. Then, a literature review on main barriers on adaptive reuse projects and common interface problems in construction projects was conducted. Discovered barriers and problems were compared, and paired, and finally categorized into four interface groups, namely physical interface (P), organizational interface (O), contractual interface (C), and out of scope (S) group. These problems were briefly explained in the case study section by providing examples of "inaccuracy of information and drawings" related barriers, and "management problems" related barriers from the case project.
While investigating the case project documentation, it was also found that "management problems" was the main barrier category in this project. Project organization structures of the stakeholders were highly complex, and roles and responsibilities were unclear. These problems were briefly mentioned in the case study. One way to solve these problems is assigning an interface manager to the project and setting an IMS where interface points (IPs) between project stakeholders can be defined, so that interface agreements (IAs) and interface agreement deliverables (IADs) can be tracked. Interface management is an iterative process and setting an IMS for such complex projects would require collaboration and commitment of all project stakeholders through the project life cycle. Setting an IMS would also help managing documents, communications, and relationships between project stakeholders, which were missing in the case study.
Assigning an interface manager who has a general knowledge of the project and high communication skills and setting and IMS would be the first step of solving the missing connection between these groups. When there is a problem, interface manager will be able to assign the right tasks to right stakeholders. By setting the IMS in the early phases of a complex project, the roles and responsibilities of each stakeholder can be defined in advance, and IPs-, IAs-, and IADs-related communications can be more structured.
In conclusion, this paper contributes in demonstrating that most of the barriers on the adaptive reuse projects investigated in the literature can be paired with common interface problems in construction projects. Therefore, depending on the project size, either a shared spreadsheet that shows IPs and related agreements between stakeholders, or a more sophisticated IMS software usage is recommended for adaptive reuse projects. Establishing an appropriate IMS would give more certainty to all parties regarding their scopes, roles, and responsibilities in the project. Also, when IPs between stakeholders are defined early in the project, the stakeholders can clarify the work packages, and deliverables can be tracked more efficiently. The workflow can also be streamlined as clear agreements between stakeholders are established. In this way, more stakeholders in complex adaptive reuse projects will feel comfortable being involved.
